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Abstract: The stable isotope compositions of veins provide information on 
the conditions of fluid-rock interaction and on the origin of fluids and 
temperatures. In New Caledonia, magnesite and silica veins occur 
throughout the Peridotite Nappe. In this work, we present stable isotope 
and clumped isotope data in order to constrain the conditions of fluid 
circulation and the relationship between fluid circulation and nickel 
ore-forming laterization focusing on the Koniambo Massif. For magnesite 
veins occurring at the base of the nappe, the high d18O values between 
27.8‰ and 29.5‰ attest to a low temperature formation. Clumped isotope 
analyses on magnesite give temperatures between 26°C and 42°C that are 
consistent with amorphous silica - magnesite oxygen isotope equilibrium. 
The meteoric origin of the fluid is indicated by calculated d18Owater 
values between -3.4‰ to +1.5‰ Amorphous silica associated with magnesite 
or occurring in the coarse saprolite level displays a narrow range of 
d18O values between 29.7‰ and 35.3‰. For quartz veins occurring at the 
top of the bedrock and at the saprolite level, commonly in association 
with Ni-talc-like minerals, the d18O values are lower, between 21.8‰ and 
29.0‰ and suggest low-temperature hydrothermal conditions (~40-95°C). 
Thermal equilibration of the fluid along the geothermic gradient before 
upward flow through the nappe and/or influence of exothermic reactions of 
serpentinization could be the source(s) of heat needed to form quartz 
veins under such conditions. 
 
 
 
 
Dear Editor, 
 
Please find attached the revised version of manuscript #GCA-D-15-00678, entitled “Paired 
stable isotope (O, C) and clumped isotope thermometry of magnesite and silica veins in the 
New Caledonia Peridotite Nappe”, by B. Quesnel, P. Boulvais , P. Gautier, M. Cathelineau, 
C.M. John, M. Dierick, P. Agrinier and M. Drouillet, which required moderate revisions 
before final acceptance for publication in Geochimica et Cosmochimica Acta. 
You can find on this file our answers (in red below) to reviewer’s comments. 
Accordingly to these comments, the text and some figures have been modified. For the text, 
we have let these changes visible on the manuscript to make easier your lecture. Note also 
that we have taken into account the minor editorial suggestions of reviewers (for example 
those noticed in yellow boxes in pdf files); these changes do not appear in the new version. 
We have also built new tables that could be useful for the geochemists community; these 
calculations have been suggested by reviewers 1 and reviewer A. Gilg (we now present a 
temperature range for quartz formation of 40-95°C, instead of 40-80°C in the previous 
version; conclusions remain unchanged). These tables are introduced as electronic 
supplements to preserve the ms as short and clear as it was. 
 
Best regards, 
Benoit Quesnel and co-authors 
 
*Cover Letter
Dear Editor, 
 
Please find attached the revised version of manuscript #GCA-D-15-00678, entitled “Paired 
stable isotope (O, C) and clumped isotope thermometry of magnesite and silica veins in the 
New Caledonia Peridotite Nappe”, by B. Quesnel, P. Boulvais , P. Gautier, M. Cathelineau, 
C.M. John, M. Dierick, P. Agrinier and M. Drouillet, which required moderate revisions 
before final acceptance for publication in Geochimica et Cosmochimica Acta. 
You can find on this file our answers (in red below) to reviewer’s comments. 
Accordingly to these comments, the text and some figures have been modified. For the text, 
we have let these changes visible on the manuscript to make easier your lecture. Note also 
that we have taken into account the minor editorial suggestions of reviewers (for example 
those noticed in yellow boxes in pdf files); these changes do not appear in the new version. 
We have also built new tables that could be useful for the geochemists community; these 
calculations have been suggested by reviewers 1 and reviewer A. Gilg (we now present a 
temperature range for quartz formation of 40-95°C, instead of 40-80°C in the previous 
version; conclusions remain unchanged). These tables are introduced as electronic 
supplements to preserve the ms as short and clear as it was. 
 
Best regards, 
Benoit Quesnel and co-authors 
 
Reviewer #1:  
This is a very interesting paper that combines clumped isotope and stable isotope 
measurements in magnesite and quartz veins to constrain fluid conditions in the Peridotite 
Nappe of New Caledonia. The unique field location studied allows continuous sampling from 
the Serpentine Sole up through the laterite profile, which enables the authors to make 
conjectures about the nature of fluid circulation through the nappe and questions earlier 
models of fluid circulation during laterization. The combination of clumped isotope data in 
magnesite and d18O data in quartz not only allows the authors to draw conclusions about the 
temperatures and fluid d18O involved in the alteration events that occurred at this location, 
but may also provide some constraints on the most applicable choices of isotope fractionation 
factors for magnesite and quartz in similar environments. This study will be highly attractive 
to researchers whose interests include clumped isotopes, the formation of magnesite, 
laterization, peridotite alteration, and low-temperature hydrothermal circulation.  
 
The paper was overall, well-organized and well-written, with the exception of a few typos and 
awkward phrasings. Overall, I think this is good work, but felt that some points required 
clarification and would like to see more details in some places, such that readers will be able 
to reproduce their calculations. Since line numbers were not provided, my line-by-line 
comments are not listed here, but are provided as comments on the attached pdf. The main 
points I would like to see addressed are as follows: 
1)     I am not convinced that you can be confident in the temperatures obtained from quartz 
d18O. How do you know the d18O of the fluid from which the quartz formed?  
Many quartz occurrences are associated with garnierite in fractures, at the base of the 
lateritic level. As a result, it is more than likely that garnierite and quartz veins formation is 
linked to the laterization process and record the downward circulation of meteoric fluid. This 
idea is largely defended in the literature.  
The section 6.2 has been modified accordingly, and now specifies the range of d18O values 
from which the quartz formed. 
Why should the d18O of the fluid that formed amorphous silica in the serpentine sole be the 
same as that which formed quartz in the saprolitic level?  
Amorphous silica and quartz veins did not precipitate under similar conditions. However, a 
meteoric origin of the fluid for both the quartz veins (see above) and for the amorphous silica 
(which is in equilibrium with magnesite veins that derived from meteoric waters) is 
established. There is no reason to consider distinct d18O values for both types of silica. 
*Response to Reviewers
What is the fluid d18O value that you used for your temperature calculations? It should be 
explained more clearly how you arrived at this value and perhaps how uncertainty in this 
value would translate into uncertainty in the temperature estimates.  
Reviewer 1 is right. This point is now specified in section 6.2. 
Why do you choose the quartz-water fractionation of Sharp & Kirschner 1994/ Zheng 1993? 
You demonstrated that these fractionation factors were inconsistent with the d18O and 
clumped isotope results obtained on coexisiting magnesite and silica.  
If the magnesite-quartz and magnesite-water fractionation of Zheng 1999 imply a quartz-
water fractionation that is not consistent with other Sharp & Kirschner 1994/ Zheng 1993, 
how do you justify using different fraction factors in different parts of the discussion? It's not 
a fault of yours that these fractionation factors are not particularly well-constrained, but you 
should try to be as consistent as possible and discuss how your temperature estimates are 
affected by uncertainties due to the choice of fractionation factors.  
In fact the oxygen fractionation factor between quartz and magnesite of Zheng (1999) is a 
combination of the oxygen fractionation factor between quartz and H2O of Zheng (1993) and 
the oxygen fractionation factor between magnesite and H2O of Zheng (1999). Thus, we used 
the oxygen fractionation factor between quartz and H2O of Zheng (1993) in order to estimate 
the ranges of temperatures of formation of amorphous silica and quartz veins.  
The section 6.2 has been clarified with respect to this point. If ever useful, what we believe for 
the geochemists community, we provide an electronic supplement S5 where various oxygen 
fractionation factor between silica and H2O are compared. 
 
2)     Provide more details of clumped isotope methods and calculations: 
 
-A little bit more of a short, introductory overview of what clumped isotopes are early on 
might be helpful too, since I imagine there will be readers who are very interested in the 
implications of this study for lateritization, hydrothermal circulation, etc, who are not 
familiar with the technique. 
Right. A sentence has been added in the Introduction. 
 
-Add supplementary table with all analyses, including each replicate analysis, standards, 
gases, raw data, and transfer function, such that data could be re-processed by other 
researchers if desired. 
We have added an Electronic Supplement (S1) in which the detailed clumped isotope data are 
presented. 
 
-If you have done work to demonstrate that 90C digestion of magnesite for 1 hour results in 
complete digestion (e.g., same yield as for same number moles of calcite and/or that 
replicates with longer digestion times do not result in different stable and clumped isotope 
results), show that here as 1 hour is not always sufficient for complete digestion of magnesite. 
In fact, the reaction time does not have influence on the d18O value (Das Sharma et al., 
2002). Unfortunately, no publication on the influence of the reaction time on the D47 value is 
available to date in the literature. This work has however been done by Tobias Kluge and 
Pablo Del Real on magnesite samples at Imperial College of London (where the data 
presented in the present paper have been obtained); these researchers show that there is no 
influence on the D47 value. The corresponding publication is now submitted. 
 
-I agree that using the calibration of Kluge et al 2015 is the best approach, but because that 
calibration is derived in the same laboratory as your magnesite data, not because it is similar 
to Bristow et al 2011. (The conclusion of Falk & Kelemen 2015 was not that Bristow et al 2011 
provides the best calibration for magnesite generally, but that there is not a significant 
difference between magnesite, calcite, and dolomite so whatever calibration seems to apply in 
a particular lab for calcite should also apply for magnesite.) 
Right. Text has been simplified accordingly (sentences deleted in section 6.1.1) 
 
3)     Try to make is as clear as possible where samples came from and what the sample 
materials are.  
-In a few places, it can be a little confusing when you talk about brown silica whether you are 
talking about brown amorphous silica or brownish microcrystalline quartz.  
Right. Throughout the ms, we have replaced “brownish micro-crystalline silica” by “brown 
micro-crystalline quartz” and “brown amorphous silica” by “brown opal”.  This point was also 
raised by reviewer 3 A. Gilg. 
-Perhaps add to Table 1 a column indicating what level of the nappe the sample is from 
(serpentine sole, moderately serpentinized peridotite, saprolitic level, etc), so readers do not 
have to refer to the map repeatedly. 
Done. 
 
4) Fix typos (Mis-numbered sections starting with "Oxygen isotopes in quartz veins and 
amorphous silica," some minor spelling and grammar issues as noted in pdf) 
Done. 
 
YELLOW BOXES 
Introduction:  
Another sentence or two introducing clumped isotopes may be helpful for readers not 
familiar with this technique. 
Added 
lower case? 
Text modified :  “a very promising tool, particularly in Earth Sciences” 
allows temperatures of formation of carbonate to be estimated 
Text modified. 
Ni talc-like minerals, Ni serpentine-like minerals 
Text modified (throughout the ms) 
Is this list only intended to apply to magnesite formed in association with quartz/silica or 
also to any magnesite formed via carbonation of peridotite? If the latter, then Oman should 
also be included on the low temperature / meteoric list. 
As you note, in Oman, some magnesite is formed via carbonation at hydrothermal conditions 
(Falk and Kelemen, 2015), but most magnesite veins in Oman are thought to form at low 
temperatures from fluid of meteoric origin (Kelemen et al. 2011, Streit et al. 2012). 
Right. Oman added in the low temperature list. Streit et al. added in the reference list. 
While it remains true that the carbonation events described in Beinlich at all likely did occur 
at hydrothermal conditions, their temperature estimates based on d18O isotopes were 
calculated incorrectly and using the correct forms of the equations for the fractionation 
factors that they 
cite would have suggested that their mineral pairs were actually out of equilibrium. (Just 
noting that for your reference, not that you need to change anything here because of that). 
Ok. Thanks for the precision. 
Geological Setting: 
Ni talc-like minerals 
Text modified (throughout the ms). 
You describe the saprolitic level as being part of the laterite profile and containing quartz and 
silica, while the peridotite below contains no silica, but on your map in figure 2, almost all 
quartz sampling locations are placed in the "Moderately serpentinized peridotites" section of 
the Peridotite Nappe. This is confusing. 
Figure 2 has been modified; the saprolitic level now appears in the map. 
Sampling and Samples 
Pirogues River = Foue Peninsula + Kone?? 
nodular magnesite from Foue Peninsula?? 
trydimite from Bien Sur mine?? 
Figure 1, Table 1 and text have been modified. 
Are these fibrous textures associated with monomineralic magnesite veins or are they 
associated with serpentine- or talc-like minerals? 
Monomineralic. Text modified. 
REF? 
 « Suggesting growth under mechanical stress » has been deleted. This sentence was not 
necessary. 
optical microscopy or other techniques? 
This is now specified in the ms. 
Make sure you have consistent terminology throughout the text, as it can be slightly 
confusing whether "brown silica" refers to microcrystalline quartz or brownish amorphous 
silica, and if "quartz" refers only to "the clearer yellow, whitish to clear quartz." 
Now specified throughout the ms. 
Analytical techniques: 
REF e.g., Ghosh et al. 2007 
Really 2007? We have added Ghosh et al. 2006. 
The phrase "in practice" seems a little odd here. 
Text modified. 
A few more details would be good. 
Sample size? Common acid bath? Continuously trapped presumably? 
Text modified. 
Have you done any tests to demonstrate that magnesite is completely reacted? It would be 
good to show that the expected yield is achieved (e.g., bellows filled to the same percent as 
when an equal number of moles of calcite are reacted) and/or that the isotopic composition 
does not change for replicates reacted for even longer times. 
See general comment #2 above. 
What do you mean by "manually extracted"? 
Deleted 
Results: 
Would be good to add supplementary table of all analyses, raw data, standards, gases, 
transfer function, etc. 
We have added an Electronic Supplement (S1) in which the detailed clumped isotope data are 
presented. 
This means between yellow/clear quartz and brownish-red microcrystalline quartz, right? 
This could be slightly confusing to readers since you also describe brown amorphous silica. 
Modified. See general comment #3 above. 
Discussion : 
6.1.1 
Falk & Kelemen suggest that the Bristow calibration (on calcite and dolomite) provides the 
best agreement with magnesite formed at known temperatures not because it is the best 
calibration for magnesite generally, but because it is the calibration based on clumped 
isotope measurements made at Caltech and the clumped isotope data in Falk & Kelemen 
(2015) was also collected at Caltech. That is, inter-laboratory differences are important, but 
differences between different carbonate minerals are not. Therefore, you are correct in using 
Kluge et al (2015) for your clumped isotope temperature estimates, but this is because Kluge 
et al (2015) is calibration based in the same lab, not because it is similar to the calibration of 
Bristow et al. (2011) which worked well for magnesite in another lab. 
(It is also good that you are using the same acid fractionation factor as Kluge et al 2015; both 
Bristow et al 2011 and Falk & Kelemen 2015 used an acid fractionation factor of 0.081. It is 
not clear what acid fractionation factor is true, but probably best to maintain consistency 
with the calibration used.) 
Text modified. See general comment #2 above. 
Useful outcome!  
Indeed! 
It would be much more convincing that magnesite + silica are in isotopic equilibrium and 
that your choice of fractionation factors is really the most applicable if you had multiple 
samples like this. 
Unfortunately, we have only one sample with both magnesite and amorphous silica. Text has 
been slightly modified. 
Yes - all the possible combinations can be quite frustrating!  
Right. A supplementary material is now provided. Text has been adjusted accordingly. 
Reviewer 3 A. Gilg also raised this point. 
6.2 now 6.1.3 
Why wouldn't this also fractionate oxygen isotopes? 
At high pH, the C isotope system may well be affected by kinetic fractionation whereas the O 
isotope one maynot (this is discussed in the references we indicate in the ms). Note also that 
we have moved this section in a new paragraph (#6.1.3 instead of 6.2) to lower its factual 
importance (this is clearly not the main point of our paper). 
6.3 now 6.2 
But didn't these quartz-water fractionations yield improbable temperatures for your 
magnesite-silica vein when combined with the magnesite water fractionation of Zheng 1999, 
which you used to estimate the d18O of the fluid, right?? Explain more precisely what the 
steps are involved here. What is the constant value of d18O that you are using and how did 
you calculate that? You previously discuss d18O fluid values calculated using clumped isotope 
temperatures and the magnesite-water fractionation of Zheng 1999. Are you just using the 
average value of those results? 1) If so, then aren't you combining two mineral-water 
fractionations that you previously noted were inconsistent? 2) If not, how are you estimating 
the d18O of the fluid? Using the 26C temperature from the magnesite quartz fractionation + 
the quartz-water fractionation of Zheng1993 / Sharp & Kirschner1994? That would be 
slightly odd to do because if you accept both the magnesite-quartz and magnesite-water 
fractionations of Zheng 1999, there is an implied quartz-water fractionation in there as well...  
See answer to general comment #1 above.  
Why should the fluid that formed the quartz in the coarse saprolite level have the same d18O 
as the fluid that formed the magnesite+silica in the sole? 
See answer to general comment #1 above.  
"So," sounds informal. 
Replaced by “To summarize” 
What do you mean by "even at the temperatures prevailing during of intense laterization"? 
Aside from the typo including both "during" and "of", it is still not clear what you mean. 
Right. The sentence has been deleted 
6.4 now 6.3 
REF? 
Estimating the paleo-gradient of temperature in the New Caledonia ophiolite after its 
obduction probably would deserve a long discussion. We have taken a low value in order to 
estimate the lowest paleo-gradient of temperature in the ophiolite and check if this could be 
consistent with our temperature estimations. Overall, we think that no reference is needed 
here. 
Very awkward phrasing. 
Text modified. 
Figures: 
If it doesn't clutter up the figure too much, consider labeling minerals directly on the image, 
so that they can still be distinguished by readers looking at black & white version or by color-
blind readers. 
Actually, this makes the figure very difficult to read… Since the names of the samples are 
indicated in fig 4, the readers can refer directly to the Table 1 to check the mineralogy. 
 
Reviewer #2:  
This paper discusses new clumped and traditional isotope analyses of quartz and magnesite 
veins in the Peridotite nappes of New Caledonia,  an important Ni-Ore deposit.  This is an 
interesting contribution worth publishing after some moderate revisions which I specify 
below. 
 
The description of the analytical methods needs to be improved. 
Oxygen and carbon isotopes in magnesite: the analytical method should be described in a bit 
more details (e.g. what apparatus was used for the digestion?).  
Right. Some development has been added in the text. 
The isotopic composition should be reported against VPDB and VSMOW and the 
standardization procedures in the laboratory should be described:  Which international 
standard were used for calibration? How was the analytical uncertainty and reproducibility 
estimated?  
Right. Some precisions have been added (most were already given actually) 
Clumped isotopes in Magnesite: did you get 100% yield with one hour at 90°C? In my 
experience one hour is not enough to get 100 % yield., please specify. 
Right. See general comment #2 of reviewer  1. 
end  of section 6.1.1  
It is not clear what the authors want to say with this paragraph. That the fractionation curves 
are somehow wrong?   
We have deleted this paragraph. A supplementary material is now provided. Text has been 
adjusted accordingly.   
The fact that the combination of magnesite—water and quartz-water fractionation factors 
does not give reasonable temperatures, could also mean that these minerals have not 
precipitated in equilibrium and/or are not cogenetic. This should be discussed, the 
arguments why thel GBMS-Si-1 magnesite and silica are cogenetic should be explained in 
more detail. The fact that they are "intimately associated" is not enough of a criteria to prove 
that they are precipitated in equilibrium from the same fluid.  
Right. We have slightly modified the text. See also answer to specific comment of reviewer 1 
above. 
6.2 now 6.1.3  
Line 4: why should a composition of -9 represent an atmospheric CO2 contribution ? values 
of -9 are found in many environments and soils do not necessarily indicate an atmospheric 
source of the CO2, it is also due to organic matter respiration.  Please explain. 
Right. This paragraph has been modified (as also suggested by reviewer 3 A. Gilg).  
Kinetic fractionation associated to direct hydroxylation of CO2 is a possibility to reach low 
<delta>13C but these low values are only reached when Co2 is absorbed directly from the 
atmosphere,  and are also commonly associated with very negative oxygen isotope 
compositions. This was actually first noted by  O'Neil, J.R., Barnes, I., 1971. C13 and O18 
compositions in some fresh-water carbonates associated with ultramafic rocks and 
serpentinites: western United States. Geochimica et Cosmochimica Acta 35, 687-697. Thus if 
this mechanism is envisaged as a cause of the low delta 13C , then also the oxygen isotopes 
would be out of equilibrium,  (and probably also the clumped isotopes) invalidating the 
calculations of the composition of the water.  I do not think this is a dominant process 
because the  oxygen isotopes do not show a large variation, but should be taken into 
consideration in the revision of the discussion. 
As specified above, C isotopes may be kinetically fractionated at high pH whereas O isotopes 
may be not. Reviewer 2 is right only for extremely high pH, conditions under which both C 
and O isotopes are fractionated. 
While the production of hydrocarbons by Fisher-Tropsh like reactions is a possibility,  the 
<delta>13C of abiogenic methane e.g in the lost city system (Proskurowski et al. 2008) is only 
-10 to - 13‰ so to explain the low values in the magnesites it would mean that most of the 
carbon forming the magnesite would have to  be derived from the fluids. I am not sure this is 
possible.  I think the interpretation of the carbon isotopes requires substantial revision.  
Right. Actually, there is a tremendous literature on the possible causes of C isotope 
fractionation in such low-temperature conditions. The reviewers are not convinced by this 
idea of Fisher-Tropsch reactions as a possible mechanism. They may well be right, as we are… 
Nevertheless, we have decided to simply remove this part from the discussion to make clearer 
the important message of the paper, based on the oxygen isotope system. 
6.3 now 6.2  
The authors attribute the variability of the oxygen isotope composition of the amorphous 
silica to variations in composition of the water, but how about the possibility that what they 
are seeing is disequilibrium precipitation? Would silica first precipitate as a hydrated form 
and then convert to an anhydrous phase? Could that produce changes in its isotopic 
composition? 
Actually, we attribute the variability of the oxygen isotope composition of the amorphous 
silica to variations in temperature, not in composition of the water (see the end of first 
paragraph of new section 6.2). Concerning the possible conversion of a hydrated form to an 
anhydrous one, we have no evidence of this process and thus not discuss the isotopic 
consequences.  
The use of "Ni talk-like":  The authors should always use Ni Talk-like minerals" instead of 
only Ni talk-like. 
Text modified throughout the ms.  
YELLOW BOXES 
Introduction:  
Phyllosilicates 
We now write “Ni talc-like minerals” 
Geological Setting : 
Is 
We prefer the word « reaches » given that the thickness of the laterite profile is known to be 
spatially variable. 
Quartz veins and amorphous silica : 
by microscopy 
We now write “using optical and electronic microscopies (MET; MEB)” 
Analytical techniques: 
Should follow the new procedures VSMOW VPDB 
Done. 
To avoid confusion you should specify that this is the value before acid fractionation 
correction because it is different from the published one in Meckler et al. 
Done 
again isotope data should be reported against VSMOW and the value obtained for NBS28 
should e reported as well. 
Done 
Discussion: 
this formulation is somewhat unclear, the Falk and kelemen calibration would be the one of 
Bristow, not a new one. Pleas reformulate the sentence to make this clear. 
We have modified the text following the proposition of the reviewer 1. 
This could mean that magnesite and quartz are not cogenetic and not in equilibrium. 
That is exactly the point we reach in the paper : quartz and magnesite are out of equilibrium. 
Magnesite and amorphous silica are likely in equilibrium on the contrary, at least in the 
sample where we have both species.  
 
Reviewer #3: 
 The manuscript reports on new stable O and C isotope data of magnesites, quartz and other 
silica phases and clumped isotope thermometry of seven magnesite samples from the 
Koniambo Ni laterite district, New Caledonia. The authors conclude that syntectonic 
magnesite veins that occur mostly (exclusively?) at the base of the Peridotites Nappe and 
occasionally contain amorphous silica phases, formed at low temperatures of about 25 to 
40°C from meteoric waters, while quartz veins that exist only in the "coarse" saprolites 
developed at higher structural levels of the nappe within the only moderately serpentinized 
peridotites formed at higher temperatures of about 40 to 80°C. The presence of a low-
temperature hydrothermal system within the Ni laterite is thought to be related to either 
upward flow of warm waters from the base of the nappe or to exothermic serpentinization 
reactions. The classical per descensum model for Ni laterites is challenged. 
 
The manuscript is clearly structured and generally well-written, but needs some minor 
revision of the style by a native English-speaker.  
 
Some references used in the text are missing in the reference section (e.g. Butt & Cluzel 2013 
or Oelkers et al. 2013).  
We have not checked all references but the authors should do so.  
 
The isotope data are new, original and in my view very interesting as they have potentially 
significant implications on vein formation conditions in the New Caledonian Ni laterites but 
possibly also on the correct oxygen isotope fractionations between quartz and magnesite, or 
between magnesite and water. 
I strongly support the publication of the manuscript after some moderate revision, as there 
are several aspects that need some clarification:  
 
1) Characterization of silica phases.  
The authors distinguish between quartz, "amorphous silica" and "brown silica" or "poorly 
crystallized brown silica", "brownish amorphous silica" and even "micro-crystalline brownish 
reddish silica". The authors state that they used microscopies [sic] and Raman spectroscopy 
to distinguish silica phases. They do not report what kind of Raman bands have been 
observed in their samples and how the attribution to amorphous silica (opal?) or 
microcrystalline silica (quartz) has been made in praxis. In one sentence, they state the 
presence of tridymite (chapter 4.2) but not in which sample. All this is not acceptable. I 
strongly suggest that silica phases are primarily identified by XRD (and then additionally by 
Raman spectroscopy if more than one phase is present) and the use of the nomenclature of 
Jones and Segnit 1971 or Flörke et al. 1991 for silica phases. 
Note that this is not only just a terminological problem. If the samples are dominated by truly 
X-ray amorphous silica phases, i.e. opal-A, then these may contain significant amounts of 
water in the form of isotopically easily exchangeable OH groups which potentially influence 
the oxygen isotope values. The water content of the silica phases should be measured in that 
case and the water-rich samples may require specific analytical procedures to get "useful" 
oxygen isotope values; see the literature of opal oxygen isotope analyses, e.g. Labeyrie & 
Julliet 1982; Matheney & Knauth 1989; Brandriss et al. 1998, and many others. Thus any 
applied pre-fluorination step should be mentioned in the analytical protocol and oxygen 
yields as well. 
Right. As also (strongly) suggested by reviewer 1 and 2, we now specify the nature of the silica 
products : throughout the ms, we have replaced “brownish micro-crystalline silica” by “brown 
micro-crystalline quartz”, “brown amorphous silica” by “brown opal”, “translucent 
amorphous silica” by “translucent opal”. Reviewer 3 is likely right saying that an even more 
detailed mineralogical characterization of amorphous silica would be useful, but we do think 
that our isotopic results on these species, largely distinct from the well-crystallized quartz, 
allows us to propose that amorphous silica formed under distinct conditions to quartz.  
 
2) Use of oxygen isotope fractionation factors for magnesite and silica phases 
I strongly suggest to include all published magnesite-water, including Golyshev et al. 1981; 
Aharon 1988; Schauble 2006, and silica-water including also opal-water, not only quartz-
water, in the discussion and interpretation of oxygen isotope values. This might be rewarding 
as it will shed some light of the correct fractionation equations for magnesite and the silica 
phase. 
Done, by introducing a new table as supplementary materials including all the fractionation 
cited above (and even more). Text has been modified accordingly. 
 
3) Kinetic effects on clumped isotope temperatures 
The authors suggest that magnesite veins formed primarily syntectonically in the serpentine 
sole (see also Quesnel et al. 2013). If serpentinization is coeval with the magnesite formation 
at the base of the nappe, then these fluids should be alkaline or even hyperalkaline (as they 
are today) and kinetic isotope effects during carbonate precipitation should be quite 
common. The authors do not discuss kinetic isotope effects in the alkaline environment on 
clumped isotope temperatures(see Watkins & Hunt 2015 EPSL 432, 152ff). 
Actually, Watkins and Hunt (2015) and also Hill et al (2014) show that precipitation of calcite 
in alkaline to hyperalkaline environment have minor effect on the D47 composition. This can 
lead to slightly overestimate or underestimate of several °C the temperature of mineral 
growth. In our case, this does not change the final message, i.e the magnesite formed at low 
temperature. 
Watkins and Hunt (2015) and Hill et al (2014) have been added in the reference list and we 
have slightly modified the text at the end of the section 6.1.3. 
 
4) Relative timing of serpentinization, magnesite vein formation, lateritization, 
hydrothermalism with quartz vein formation only in the saprolites and Ni concentration. 
I had big problems in understanding the relative timing of all these processes, even after 
having read the manuscript several times. The authors conclude from the isotope results that 
the syntectonic magnesite veins formed at temperatures of about 25 to 40°C and their 
abundance imply a high aqueous fluid flux through the ultramafic rocks apparently far from 
the surficial laterites. At the same time they are argue that temperatures at the base of the 
nappe with an estimated minimum thickness of 500 to 2000 m were at least 35 to 75°C. If 
both is correct, this would mean that the nappe had already been strongly eroded to 500 m or 
even less when it was thrusted onto the basement at the sampling sites Koniambo 1-4, but 
much thicker at sites 6 to 11 in the east. Correct? Why were the temperatures at the base of 
the nappe during magnesite formation so low, especially as the authors invoke 
serpentinization reactions as the alternative major heat source and the serpentine sole is the 
most intensely serpentinized area? So the low-temperatures of the magnesite veins seem to 
contradict all possible heat sources suggested by the authors unless these processes occurred 
at very different times. All that seems a bit unclear to me.  
Is it possible that cool surface-derived fluids from the basement terranes were injected into 
the overriding warm peridotites during nappe emplacement and that these cool fluids were 
responsible for the cool magnesite vein formation? 
We agree with reviewer 3’s concerns, notably because we actually share the same ones! He is 
right saying that one inference of the reasoning is that the processes should have “occurred at 
very different times”. It remains that in the present paper, we document “anomalously” high 
temperature of quartz formation in the saprolitic level, and we think that this information is a 
robust brick to add in the general wall that would represent the general model of 
“serpentinization, magnesite vein formation, lateritization, hydrothermalism with quartz vein 
formation only in the saprolites and Ni concentration” in the New Caledonian realm. 
The relationship of Ni enrichment with magnesite or quartz vein formation is also very 
unclear as the authors do not report on the Ni concentrations at the various sample sites. Are 
all sampling sites in the Koniambo area economic Ni ore zones or only the "coarse saprolites" 
in the "highlands"? 
In Figure 2, I can see low-level laterites near the Koniambo sampling sites 1 and 2. Do these 
laterites have a coarse saprolite zone containing quartz veins or are they economically 
mineralized? 
Only the coarse saprolite level in the “highlands” is presently mined. 
Why are the low-T hydrothermal quartz veins only occurring in the moderately serpentinized 
peridotites if serpentinization is a major heat source? 
The most likely reason is that the serpentinization event responsible for the heat in the 
saprolite level was synchronous with laterization and did not correspond to the early events 
which led to pervasive serpentinization of the Nappe (especially at the sole).  
A synthetic geological section through the Koniambo area with the location of magnesite 
veins, quartz veins, laterites at the various elevations, serpentinization intensity and location 
of economic Ni mineralization would be useful for the reader to better understand the 
relative succession of processes. 
We added a reference to the recently published Quesnel et al. (2016), a paper dedicated to the 
analysis of deformation (another brick in the wall…), where such a cross-section through the 
Koniambo massif is available. Here, we now present the structural positions of the samples in 
Table 1 and we represent the saprolite level in figure 2. 
5) The location "Koniambo" area should be mentioned at least in the abstract, if not in the 
title.  
Right. Added in the abstract 
I have attached an annotated pdf with some minor comments and suggested corrections. 
H. Albert Gilg, TUM, Munich, 15/11/2015 
 
YELLOW BOXES: 
Abstract:  
? Some veins may form without significant fluid-rock interaction. Stable isotopes may not 
distinguish between the various mechanisms and thus"origins" of vein formation. better: 
origin of fluids and temperatures. 
We have modified accordingly.. 
? Is this a mineral? Please use IMA conform mineral names, 
We prefer to write “Ni talc-like mineral”; we do not use the IMA conform mineral names 
given that IMA does not recognize kerolite as a mineral phase. 
We discuss this point in details in the publication: 
Cathelineau, M., Quesnel, B., Gautier, P., Boulvais, P., Couteau, C., Drouillet, M. (2015b) 
Nickel dispersion and enrichment at the bottom of the regolith : formation of pimelite 
target-like ores in rock block joints (Koniambo Ni Deposit, New Caledonia). Mineralium 
Deposita, 1-12.  
Introduction:  
? What do mean with "given fluid-rock ratio"? The fluid-rock interaction may change the 
stable isotope composition of the fluid as mentioned just before. So stable isotope 
compositions of vein minerals depend on these factors: 
-fluid isotope composition that may be influenced by fluid-rock interaction 
-temperature (and pressure in the case of hydrogen isotopes) 
-salinity of the fluid 
-precipitation under equilibrium (slow) or kinetic (fast) conditions. 
If the equilibrium fractionation factors between mineral and water as a function of 
temperature is not well established as in the case of magnesite, it imposes another critical 
problem. 
For clarity, we have deleted “at given fluid/rock ration”. 
or other geothermometers 
Modified. 
only one deposit? 
Indeed, here we consider the New-Caledonian Ni laterite as a unique deposit.  
? you mean talc-like mineral? Please add a reference that highlights the nomenclature 
problems of minerals in Ni laterites. 
References added. 
What do you mean with amorphous silica: opal-A opal-C opal-CT or even chalcedony? 
Raman analyses show a large band between 300cm-1 and 500cm-1 and in some case a band 
at 460cm-1. Our amorphous silica are opal however, it is difficult to say what type of opal. We 
change the text and the Table 1 accordingly. See also general comment #1above. 
Most of these studies refer to magnesite deposits which are not related to Ni laterites! So you 
should distinguish between processes related to Ni laterites and those not related to them. 
There may be more than process of magnesite vein formation. 
In fact only few studies link the magnesite formation to the Ni laterite formation. We present 
these studies here in order to show that the meteoric origin of the fluid from which magnesite 
formed via carbonation of serpentinized peridotites is the most common conclusion in the 
literature.  
We have nevertheless slightly modified the text. 
based ony what kind of argumentation? Only stable isotope data? 
Indeed. We have modified the text accordingly. 
Geological setting:  
or rather distinct episodes of tectonic quiescence! 
We are not convinced that episodes of tectonic quiescence are needed to form laterites. This 
is not the debate here but we have added “and/or epeirogenic movements” because, indeed, 
laterite formation is the combined result of climate and vertical movements. 
how much Ni is in high grade ores? 
The Ni content of garnierite is variable (10 wt.% to 50 wt.%). We cite two papers which deal 
with the characterization of this ore. 
succession or association? If the former what was forming first and what came later? 
“Succession” replaced by “association”.  
If this is the Mineralium Deposita article, then I cannot find any characterisation of silica in 
it, 
In this article (Cathelineau et al, 2015b), we describe the association between Ni talc-like 
minerals and silica in the same veins. Indeed, there is no mineralogical characterization of 
the silica phases in this paper. But since we described the field evidence of this association we 
consider that this reference is adapted here. We have modified “quartz and poorly…” by 
“silica” in the new version. 
please use IMA-conform mineral terms! 
We write Ni talc-like mineral. We do not use the IMA conform mineral names given that IMA 
does not recognize kerolite as mineral phase. See above. 
Sampling and Samples:  
what is the vertical extent in meter of this (composite?) section? It would be very useful to 
have a figure showing a composite section with a scale and all sampling sites. 
Please refer to major comment #4. 
? I would say the rather the last fluid event if vein filling occurs from rim to core. Are the 
veins syntaxial? 
Right. We have deleted this sentence because ambiguous.  
what kind of microscopes? Be more precise here. 
Done. 
Why not XRD? 
What kind of Raman spectrometer? Which range of wave numbers? Which Raman bands 
have been used to identify the silica minerals? Show examples! 
See major comment #1. We have deeply modified this section and we have specified the 
various bands. 
Do the quartz veins occur in saprolites formed on the Serpentine Sole and the moderately 
serpentinised top of the nappe? Or only in the latter? 
The structural level is now indicated in the Table 1 and we now represent the saprolite in the 
figure 2. 
There is a difference between microcrystalline and amorphous silica. 
Which minerals form "brown silica" microcrystalline quartz and/or opal-A and/or opal-C 
and/or opal-CT? 
The text has been modified. See again answer to major comment #1 above. 
Analytical techniques:  
It is recommended (Kim et al. 2015, GCA 158, 276ff) to use the VSMOW and VPDB scales. As 
i suspect that you do not use original PeedeeFormation belemnites as refernce materials. 
Done. 
Is that an acid fractionation factor for calcite or magnesite? It will most probably not be the 
same for the two minerals. 
The acid fractionation for clumped isotopes has been demonstrated several times to be 
independent of mineralogy, unlike what happens for d18O. This has been documented for 
instance in Kluge et al 2015, and in Defliese et al 2015 (in both cases comparing aragonite 
and calcite). There is also data showing that there is no difference in acid fractionation 
between calcite and dolomite (Bonifacie et al, under review), and that siderite and calcite 
have the same acid fractionation factor (Fernandez et al, 2014). So there is no reason to 
believe magnesite would be different, although we cannot formally demonstrate this here of 
course. 
 
5.2 
The mineralogy of "amorphous silica" is not well characterised. Here the authors come up 
with "tridymite" (which sample, all?) which is a very high temperatures polymorph of SiO2. I 
suspect the authors mean opal-CT. 
What is the difference between "brown silica" and "brownish amorphous silica"? Unclear 
terminology! I recommned a porper mineralogical description. As amorphous silica may 
contain significant amount of water as isotopically easily exchangeable OH groups, the water 
content of the non-quartz silica phases must be presented. 
We modified the section 3.3 and 6.2 (former 5.2 section) in order to provide a more accurate 
description of the various silica phases. See also our answer to major comment #1. 
Discussion:  
Low Temperature geochemistry: 
I recommend here to present all published oxygen isoope fractionation factors for magnesite 
including Aharon, Golyshev et al and Steele for example in a 100lna versus 10^6/T^2 plot 
between 100 and 0 °C. The various proposed fractionation factors are either right or wrong 
and not "more applicable" in one or another setting! You might also compare other proposed 
fractionation equations (or values) proposed by Golyshev et al 1981, Aharon 1988, Steele, 
Schauble et al. 2006. 
We now provide electronic supplement (S2, S3) where the different oxygen fractionation 
factors between magnesite and H2O are presented (Golyshev et al., 1981; Zheng, 1999; 
Chacko and Deines, 2008; Aharon, 1988 and Schauble et al, 2006). It is proposed to add also 
the fractionation factor of Steele (http://www.the-conference.com/JConfAbs/1/593.html 
“Theoretical Determination of Isotope Fractionation Factors in Sedimentary Carbonates, D. 
Fraser Steele”) but unfortunately we only find an abstract with no values that could be used. 
This section has been rewritten accordingly. 
This is not true for opal-A, a very common amorphous silica species (see Labeyrie, Brandriss 
et al.). Thus the excat nature and water content of the amorphous silica phases studied here 
is important, 
See our answer to the major comment #1. 
What about opal-water oxygen isotope fractionation? 
We have added the electronic supplement S4 and S5 where the various combinations 
between fractionation factors silica-H2O and magnesite-H2O are presented and where we 
present the various oxygen fractionation between silica and H2O. 
Discussion: Meteoric origin of the fluid: 
As far as I can see almost all magnesite come from the "Serpentine Sole", none from the 
moderately serpentinized peridotites, Or do you mean magnesites from laterites versus 
unweathered rocks? Unclear. 
Rigth, we have deleted “irrespectively of the nature of the host rock”. 
old lateritic soil or recent soil? 
Recent soil. We have modified. 
Are such high temperatures realistic in a vegetation covered lateritic soil environment on 
Earth? I doubt that. 
This is the maximum temperature recorded by magnesite. Clearly, such temperatures can be 
attained at the surface. 
Discussion: Fractionation in the carbon isotope system 
? In the paragraph, you conclude with a significant variation oxygen isotope composition of 
the fluid precipitating magnesite related to evaporation (d18O VSMOW= -3.2 to +1.5 permil). 
The sentence was unclear. We suggest here that all the magnesite (veins and nodules) are all 
formed from fluid with meteoric origin. We modified the text accordingly.. 
maybe but a very small one. There are supergene magnesites in a tectonically stable 
environment with very high d13C values, see Rao et al. 1999 
Features and genesis of vein-type magnesite deposit in the Doddakanya area of Karnataka, 
India Journal of the Geological Society of India 
Reviewer 2 also raised this point. We modified the text.   
Yes, but kinetic isotope fractrionation in a strongly alkaline environment also influences very 
strongly oxygen isotope values (refs.) leading to strongly correlated O and C isotope values. I 
cannot see any such correlation in the data presented here. Thus I think the low C isotope 
values in magnesites are not related hyperalkaline fluids but rather to the carbon source. 
See answer to the comment of reviewer 2. 
single step (Sabatier) or two-step process? See McCollom 2013 RevMinGeochem. 
This paragraph has been deleted (see our answer to the comment of reviewer 2). 
How is CO produced in such a low-T environment? 
This paragraph has been deleted (see our answer to the comment of reviewer 2). 
Discussion: Conditions of quartz veins and amorphous silica formation: 
Why would you exclude different types of fluids involved with such a large oxygen isotope 
variation? 
See our answer to the comment #1 of reviewer 1. 
You mean paleo-latitude here.  
Yes; we have specified the text. 
How do you know anything about the paleo-elevation evolution of the island? This also 
influences oxygen isotope values of precipitation. 
There is no quantitative constrains on the evolution of the elevation of the island through 
geological time.  
Evaporation effects and also analytical factors should not be excluded. Amorphous sillica may 
have a lot of hydroxyl-groups that may show postformational isotope exchange. 
See answer to the major comment #1. 
I think the clumped isotope value of 35 +- 6 °C should be used here! 
We deleted this sentence because it was useless.  
Discussion: Heat sources for quartz veins formation: 
? What is a "homogeneous" condition? I do not understand. You mean for example constant 
temperatures? 
Indeed, since we consider the fluid composition as constant, we talk about temperatures 
here. The text has been modified. 
All the magnesite samples are from the Srepentine Sole level. I am not sure if they occur (and 
in what amount) in the moderately serpentinized level and in the laterites and saprolites, 
Right, magnesite occurs at the sole, but amorphous silica may occur at various levels. This is 
what is written here. 
Why not upward circulation from a water-rich cool lower plate? 
The more evident source of magnesium needed to form magnesite is the laterization process 
(and/or the in situ dissolution of serpentine). Moreover, we document carbon isotope 
compositions consistent with carbon coming from atmosphere and biogenic soil. However, it 
is true that we cannot formally exclude the possibility of upward circulation of cool fluid from 
lower plate.  
Nevertheless, in this section, we simply remind what was the model proposed in Quesnel et al 
(2013). 
indicates variable conditions and distinctly higher temperatures! 
The text has been modified. 
But these would suggest also quartz veins in the Serpentine Sole, but there are none! 
Not necessarily. Actually, no quartz occurrences have been observed in the Massif elsewhere 
than at the saprolite level. To discuss that, we wrote the following suggestion in the paper: 
“The question of mechanism of precipitation of quartz in the saprolitic structural level 
remains. The first possibility consists in the precipitation of quartz lead by a change of pH 
condition. Indeed quartz solubility is function of pH increasing rapidly from pH>9. The pH 
measured in New Caledonian resurgences of water at the base of the nappe are basic with pH 
up to 11 (Monin et al., 2014) whereas pH in coarse saprolite level is around ~8 (Trescases, 
1975). This abrupt decrease of pH at the saprolitic interface could explain quartz 
precipitation. Moreover, an additional mixing with per descensum  
Well maybe but all the quartz vein samples come from saprolites (indeed) developed on only 
moderately serpentized peridotites and not from saprolites developed on the highly 
serpentinized Serpentine Sole. 
Right. Please refer to our answer to the major comment #4 of reviewer 3 A. Gilg. 
Does this serpentinization heat really raise the water temperatures significantly if the fluid-
rock ratios are so high as you propose earlier? I would not believe that without a realistic 
back-on-the-envelope-model calculation. 
The source of heat is clearly a point that would need to be addressed in a specific study. For 
example, if Fritsch et al. (in press) invoke such high temperatures (we now refer to their work 
in the introduction ; this reference has been added in the reference list), their explanation is 
weird. On the other hand, Guillou-Frottier et al. (reference already cited) more convincingly 
argue for a temperature increase in association with serpentinization. Here, in our paper, we 
document abnormally high temperatures in the saprolitic level using the isotopic tools, and 
simply discuss the cause of temperature increase. 
which temperature range do you mean here? 
In the Massif du Sud, at the “Bain des Japonais” the temperature of the resurgences can 
reach 37°C (Monnin et al, 2014). We have added this temperature in the text. 
but again isn't serpentinization in these levels with quartz veins only moderate? 
See our answer to major comment #4 
Conclusion:  
Only true for quartz vein formation but not for the "amorphous silica" formation that occurs 
at the same temperatures as Mg carbonates! 
Right. We have modified. 
~25 to 40°C 
We have modified. 
only magnesite not amorphous silica? 
Right. We have added amorphous silica. 
So far it is not clear to me where the high economic Ni concentrations are really located in the 
laterites of the Serpentine Sole (sample locations 1-3) or in the laterites of the moderately 
serpentinized peridotite (locations 6-11)? This statement need data on Ni concentrations that 
I cannot 
find here! 
The Ni mineralization is localized only in the saprolite level, so developed on the moderately 
serpentinized peridotite. The saprolite level is now represented on the figure 2. 
See also our answer to the major comment #4. 
Ok, but which one is related to Ni accumulation? 
The fluid circulation linked to the quartz veins formation. 
maybe but not with temperature estimates based on the Nappe thickness (600 to 2000m and 
normal geothermal gradients: 35 to 70°C) seechapter 5.4. 2 paragraph above). 
This is why we say “two distinct fluid circulation systems” 
Why does that not happen during magnesite vein formation? 
See our answer to the major comment #4. 
Figures  and figure captions 
Table 1 
What means x here? Why not leave it blank? 
We now leave it blank. 
Numbers are missing here. From where do these sample come exactly? 
These samples come from another study, we just know that they come from the saprolite level 
of the Koniambo Massif, not the exact location. But we have here the essential information. 
Fig.1 
Add scale bar and/or latitude-longitude 
Ok, we have added scale bar. 
Fig.2 
Could you indicate the location of economic Ni deposits in the map? 
In fact, all the laterites occurring on the upper part of the massif are mined. So the economic 
Ni deposits are the laterites. 
Laterites has the same color as the sea. Chnage the color to be unambiguous. 
Ok we have changed it and we have also added the saprolite level in this map. 
Fig 4 
What is Figure 4H? Needs explanation. 
Legend completed as “H: hand sample GBMS-Si-1 where magnesite and amorphous silica are 
cogenetic”. 
Fig.5 
add some more tick marks here 
Done 
large binning interval 
We have modified. 
References: 
We modified following your suggestion and we have checked the consistency between the text 
and the references list. 
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Abstract 32 
The stable isotope compositions of veins provide information on the conditions of 33 
fluid-rock interaction and their origin on the origin of fluids and temperatures. In New 34 
Caledonia, magnesite and silica veins occur throughout the Peridotite Nappe. In this 35 
work, we present stable isotope and clumped isotope data in order to constrain the 36 
conditions of fluid circulation and the relationship between fluid circulation and 37 
nickel ore-forming laterization focusing on the Koniambo Massif. For magnesite 38 
veins occurring at the base of the nappe, the high 18O values between 27.8‰ and 39 
29.5‰ attest to a low temperature formation. Clumped isotope analyses on magnesite 40 
give temperatures between 26°C and 42°C that are consistent with amorphous silica - 41 
magnesite oxygen isotope equilibrium. The meteoric origin of the fluid is indicated by 42 
calculated 18Owater values between -3.4‰ to +1.5‰ Amorphous silica associated 43 
with magnesite or occurring in the coarse saprolite level displays a narrow range of 44 
18O values between 29.7‰ and 35.3‰. For quartz veins occurring at the top of the 45 
bedrock and at the saprolite level, commonly in association with Ni-talc-like minerals, 46 
the 18O values are lower, between 21.8‰ and 29.0‰ and suggest low-temperature 47 
hydrothermal conditions (~40-8095°C). Thermal equilibration of the fluid along the 48 
geothermic gradient before upward flow through the nappe and/or influence of 49 
exothermic reactions of serpentinization could be the source(s) of heat needed to form 50 
quartz veins under such conditions. 51 
 52 
1. INTRODUCTION 53 
Carbonate and silica veins occur in various geological contexts, and are the marker of 54 
past geological fluid circulation. Understanding the conditions of veins formation is 55 
of primary importance to decipher the role of fluids in the transfer of heat and matter, 56 
the transport and deposition of metals, and the mechanical properties of shear zones 57 
and faults. Stable isotopes are one of the historical tools used in the characterization 58 
of fluid-rock interactions (Urey, 1947; McCrea, 1950; Epstein et al., 1953; Emiliani, 59 
1966; Craig and Boato, 1955). Theoretically, stable isotopes give access to the fluid 60 
stable isotopic composition and the temperature of precipitation of minerals at a given 61 
fluid/rock ratio. However, estimates of temperature and fluid composition are 62 
interdependent. That is the reason why stable isotopes studies have to be undertaken 63 
with a strong knowledge of the local geology and in association with complementary 64 
methods of fluid characterization, like fluid inclusions studies or other 65 
geothermometers for example. 66 
The recent development of the carbonate clumped isotope thermometer has rapidly 67 
been considered as a very promising tool in Earth Sciences (Eiler, 2007). This method  68 
is based on the thermodynamic phenomenon of “clumping” which consists in the 69 
preferential bonds formation between the heavy isotopes of carbon and oxygen in 70 
carbonate minerals. Unlike conventional carbonate thermometers, the clumped 71 
isotope thermometer allows  temperatures of formation of carbonate to be estimated 72 
estimating the temperatures of formation of carbonate independently of the initial 73 
fluid isotopic composition. By extension, it can provide an estimate of the18O value 74 
of the parent fluid since the 18O of the carbonate and temperatures are measured 75 
independently on the same aliquot of sample.  76 
For the last two decades, the study of carbonate and silica veins developed in 77 
ultramafic rocks has attracted a renewed interest given the implications of this process 78 
for permanent carbon capture and storage through CO2 mineralization (Kelemen and 79 
Matter, 2008; Kelemen et al., 2011; Oelkers et al., 2013; Ulrich et al., 2014), and in 80 
the understanding of lateritic nickel ore formation (Butt and Cluzel, 2013 and 81 
references herein). The New Caledonia Peridotite Nappe hosts one of the largest 82 
lateritic nickel ore deposit representing around 30% of the global reserves in nickel, 83 
thus making New Caledonia the 7
th
 nickel producer in the world. In New Caledonia as 84 
in many other places worldwide (Caribbean, South America, Balkans, Russia, West 85 
Africa, South East Asian, Australia) Ni-laterites result from the intense weathering of 86 
ultramafic rocks exposed at the surface under hot and humid climate. Their 87 
development requires the dissolution of protolith minerals leading to i) the export of 88 
soluble elements and ii) the in-situ authigenesis of mineral phases hosting the 89 
insoluble elements. In the case of peridotites in New Caledonia, Si and Mg are 90 
exported whereas the laterites are enriched in iron oxi-hydroxides. Ni, with an 91 
intermediate behavior, is concentrated at the base of the lateritic profile where it 92 
reaches economic concentrations as Ni-bearing goethite (Trescases, 1975; Freyssinet, 93 
2005). The erratic nickeliferous high-grade ore is located along fractures; it is known 94 
as garnierite, a mix of Ni-rich serpentine, Ni talc-like minerals  and Ni-sepiolite (e.g. 95 
Faust, 1966; Brindley and Hang, 1973; Villanova-de-Benavent et al., 2014; 96 
Cathelineau et al., 2015b; Fritsch et al., in press) commonly associated with silica. 97 
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In New Caledonia (Fig. 1), numerous magnesite (MgCO3), quartz and amorphous 98 
silica veins occur at different levels in the peridotite nappe and are thought to 99 
represent by-products of the laterization process (Glasser, 1904; Trescases, 1975). A 100 
per descensum model of fluid circulation was proposed in which Si and Mg are 101 
exported downward along fractures cutting through the nappe (Trescases, 1975). 102 
 Many studies have concentrated on the mineralogical characterization of the Ni 103 
bearing phases (Brindley and Hang, 1973; Villanova-de-Benavent et al., 2014; 104 
Cathelineau et al., 2015b; Dublet et al., 2015; Fritsch et al., in press), but only few 105 
studies focused on the understanding of the physical and chemical conditions of Si, 106 
Mg and Ni mobility. Based on stable isotope analyses (18O) of Ni talc-like minerals 107 
in garnierite from Morocco (Bou Azzer), Ducloux et al (1993) showed that they could 108 
form between 25ºC and 100ºC. Part of this large spread in temperature is due to 109 
uncertainties in the oxygen isotope fractionation factors between Ni talc-like minerals, 110 
Ni serpentine-like minerals and water. These authors consider that this temperature 111 
range is consistent with a low temperature hydrothermal origin. 112 
For silica occurrences from New Caledonia, Saboureau and Trichet (1978) focused on 113 
fluid inclusions included in quartz. They identified two generations of quartz, 114 
respectively crystallized at <30ºC and >120ºC. Unfortunately, these samples were 115 
collected in soils and represent transported relicts of dismantled quartz occurrences. It 116 
is consequently difficult to place them in their genetic context. Recently, Fritsch et al 117 
(in press) invoked conditions of low-temperature hydrothermalism to explain the 118 
succession of Ni-bearing phases filling fractures and ending with quartz. A 119 
temperature of about 70°C is estimated for quartz precipitation by analogy with quartz 120 
formed in sandstones. 121 
For magnesite formed via carbonation of peridotite variously serpentinized, on the 122 
basis of stable isotopes analyses (C and O), most authors argue that carbonation 123 
occurs at low temperature and that the fluid is of meteoric origin but rarely propose to 124 
link carbonation and laterization processes (Oman: Kelemen et al., 2011; Streit et al., 125 
2012; West California: Barnes et al., 1973; Poland: Jedrysek and Halas, 1990; 126 
Balkans:  Fallick et al., 1991; Jurkovic et al., 2012; Greece: Gartzos, 2004; East 127 
Australia: Oskierski et al., 2013; New Caledonia: Quesnel et al., 2013). On the other 128 
hand, some authors argue that few carbonation events likely occurred at hydrothermal 129 
conditions (on the basis of stable isotopes analyses (Balkans: Fallick et al., 1991; 130 
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Norway: Beinlich et al., 2012) and clumped isotope thermometry (Oman:  Falk and 131 
Kelemen, 2015). 132 
In this study, we perform stable isotopes analyses on magnesite and silica veins  and 133 
clumped isotope analyses on magnesite veins from New Caledonia, with a special 134 
attention to the Koniambo massif (Fig. 1,2) where the recent development of a mining 135 
site allows the access to numerous and exceptional outcrops. We show how the two 136 
isotopic methods are complementary and can help to constrain the conditions of veins 137 
formation. We also question the per descensum model of fluid circulation proposed to 138 
explain the vertical distribution of the different mineralization in the peridotite nappe.  139 
 140 
2. GEOLOGICAL SETTING 141 
 142 
New Caledonia is located in the southwest Pacific Ocean, 1300 km east of Australia 143 
(Fig. 1). Peridotites are abundant on the island as a consequence of the Eocene 144 
obduction of a sliver of oceanic lithosphere (Cluzel et al., 2012). The Peridotite 145 
Nappe sub-horizontally overlies the substratum which is comprised of several volcano 146 
sedimentary units (Cluzel et al., 2012). The New Caledonian Peridotite Nappe is 147 
exposed in the “Massif du Sud” and as a series of klippes along the northwestern 148 
coast (Fig. 1).  149 
Laterite occurs at the top of the peridotites (Fig. 1). Several planation surfaces attest 150 
to distinct episodes of weathering and/or epeirogenic movements during the Cenozoic 151 
(Latham, 1986; Chevillotte et al., 2006; Sevin et al., 2012). Capping the laterite 152 
profile, a ferricrete composed of indurated iron oxides (hematite) mainly occurs as 153 
relicts 1 to 2 m thick. Below the ferricrete, the limonitic level is mainly composed of 154 
oxi-hydroxides (goethite) and reaches about 20 m in thickness. In this level, the 155 
structure of the rock is totally erased. At the base of the profile, the saprolitic level 156 
consists in an intermediate state of alteration between limonite and the underlying 157 
peridotite. This level reaches around 30m thick. The highly fractured structure of the 158 
protolith is preserved. The saprolite level hosts a diffuse Ni mineralization as well as 159 
an erratic nickeliferous high-grade ore (Cathelineau et al., 2015a and b; Fritsch et al., 160 
in press), known as garnierite veins.  161 
Garnierite occurs as fracture infillings and consists in an succession association of Ni-162 
rich serpentine and Ni talc-like minerals often associated with silica quartz and poorly 163 
crystallized brownish silica (Trescases, 1975; Cluzel and Vigier, 2008; Cathelineau et 164 
al., 2015b). Some garnierite occurrences formed syn-tectonically (Cluzel and Vigier 165 
2008) and occur occasionally as hydraulic breccia where a quartzsilica cement hosts 166 
clasts of serpentine and Ni talc-like minerals (Myagkiy et al., 2015). Fractures can 167 
also be filled solely by quartzsilica.  168 
Beneath the saprolite, the main part of the nappe consists of peridotites in which no 169 
silica occurs. Peridotites are highly fractured. Serpentinization is intensive in the 170 
deformed zones. At the base of the nappe, peridotites are pervasively serpentinized 171 
and highly sheared, constituting the so-called Serpentine Sole.  172 
The sole hosts numerous magnesite veins (Quesnel et al., 2013) commonly associated 173 
with amorphous silica (Ulrich et al., 2014). Elsewhere in New Caledonia, silica also 174 
occurs as infillings of late normal faults of regional extent, as pervasive silicification 175 
at the base of the nappe, locally known as the “Mur de silice” and as veins spatially 176 
associated to the Saint Louis and Koum Oligocene granitoid intrusions (Paquette and 177 
Cluzel, 2007; Jacob, 1985; Aye et al., 1986).  178 
These occurrences are not studied here as they do not relate to the supergene 179 
alteration system of the Koniambo Massif. This massif (Fig. 2) corresponds to one of 180 
the klippen occurring along the northwestern coast (Fig. 1). As everywhere on the 181 
island, the nappe is capped by a highly dissected and partly reworked lateritic profile 182 
(Maurizot et al., 2002). At lower elevations, laterites of the westerly-dipping Kaféaté 183 
plateau probably belong to a younger planation surface (Latham, 1977; Chevillotte et 184 
al., 2006).  185 
 186 
3. Sampling and Samples 187 
3.1 Strategy 188 
In the Koniambo massif, a recently opened mining site allows the sampling of the 189 
Peridotite Nappe nearly continuously from the Serpentine Sole to the lateritic profile 190 
(Quesnel et al., 2016). The Serpentine Sole is well exposed along cross-sections 191 
several hundreds of meters long and a few tens of meters high. The intermediate 192 
levels of the Nappe can be observed along an access road reaching the summit of the 193 
mining face where mining operations presently expose the laterite and the transition 194 
to the fractured peridotite. The veins have been collected at all levels in the Peridotite 195 
Nappe in order to get information on the circulation of fluids at the nappe scale 196 
(~800m thick) on the 1D vertical direction. On each sampling site (Fig. 2), the nature 197 
of the structure hosting veins has been described when possible. Samples have been 198 
collected in the core of veins to avoid host-rock buffering effects and to obtain the 199 
signature of the main fluid circulation event. 200 
To obtain a first estimate on the representativeness of the Koniambo Massif with 201 
regards to the whole New Caledonia Peridotite Nappe, some samples have been 202 
collected at other locations within New Caledonia (Fig. 1): magnesite veins in the 203 
nearby Kopéto Massif (Foué peninsula and Koné), quartz veins from the coarse 204 
saprolite level from Thio Plateau and Monéo and amorphous silica from Népoui and 205 
from the Pirogues river.  206 
 207 
3.2 Magnesite 208 
In the Koniambo massif, magnesite occurs mainly as veins in the Serpentine Sole 209 
(Fig. 3a, b). Some magnesite veins occur along fractures up to a few hundred of 210 
meters above this level (sampling sites 3 and 5, Fig. 2 and Table 1). In many cases, 211 
magnesite veins display a cauliflower texture which attests of a non-oriented growth. 212 
Some occurrences show a coarse fibrous texture where fibers of monomineralic 213 
magnesite are orthogonal to vein walls (Fig. 3b,c) suggesting growth under 214 
mechanical stress. At the Serpentine Sole level, magnesite veins occur preferentially 215 
within and along the margins of meter-thick low-dipping shear zones that are also 216 
marked by the development of serpentine (Fig. 3a,b). These veins are locally folded 217 
or offset by subsidiary shear planes (Fig. 3a). Most of the veins occurring outside the 218 
main shear zones have an orientation and coarse fibrous texture suggestive of tension 219 
gashes opened during the same shear regime (Fig. 3b,c; see also Quesnel et al., 2013). 220 
In soils (Fig. 3d), magnesite appears as nodules that can reach a few tens of cm in 221 
width. In general, magnesite samples are mono-mineralic but locally intimately 222 
associated with amorphous silica at the Serpentine Sole level. 223 
 224 
3.3 Quartz veins and amorphous silica 225 
Quartz and amorphous silica samples have been examined using optical and 226 
electronic microscopies (MEB), and the nature of silica polymorphs has been checked 227 
by Raman spectroscopy. In the coarse saprolite level and the underlying bedrock, 228 
quartz veins occur as fractures infillings. These infillings correspond to the re-opening 229 
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of ancient fractures commonly filled by serpentine, and in some cases by nickel-rich 230 
(or nickel-bearing) serpentine and/or talc-like minerals (Fig. 4c,d,f). They can occur 231 
as large branched networks of veins (Fig. 4a), as massive veins (Fig. 4c) or as thin 232 
films (Fig. 4d). Locally, quartz occurs as brown micro-crystalline brownish-reddish 233 
silicaquartz infillings (Fig. 4b, f; “brown silica Mic Qz” in Table 1), generally 234 
preceding the clearer yellow, whitish to clear quartz (Fig. 4b, c, d f; “Qz” in Table 1). 235 
The brown color is due to the presence of micron-size inclusions of goethite and 236 
hematite. Raman analyses of these various types of quartz show systematically three 237 
main bands around 130 cm
-1
, 205 cm
-1
 and 465 cm
-1
. 238 
 Two types of amorphous occurrences were studied:  i) brownish amorphous 239 
silicaopal occurs as very late coating or drapery-like on blocks of the coarse saprolite 240 
level, which constitutes a rather rare case, (Fig. 4e; “amorphous silicabrown opal” in 241 
Table 1); ii) translucent amorphous silicaopal closely associated with magnesite at the 242 
Serpentine Sole, as micro-spherule (Koniambo; Fig. 4g,h; first three rows in Table 1) 243 
or as microfracture infillings (Nepoui). Raman analyses show a large band between 244 
300 and 500 cm
-1 
and in some case a band at 460 cm
-1
. 245 
Similar quartz and amorphous silicaopal samples were collected in other New 246 
Caledonian occurrences for comparison (Fig. 1 and Table 1). 247 
 248 
 249 
4. Analytical techniques 250 
 251 
4.1 Oxygen and carbon isotopes in magnesite 252 
The isotopic analysis of 21 magnesite samples has been performed at the stable 253 
isotope laboratory of the University of Rennes 1, France. Samples were finely crushed 254 
in a boron carbide mortar, then reacted with anhydrous phosphoric acid at 75ºC for 255 
24h. The experimental fractionation factor between magnesite and CO2 is CO2-256 
Magnesite=1.009976 at 75ºC (Das Sharma et al., 2002). CO2 was analyzed on a VG 257 
OPTIMA triple collector mass spectrometer. In the absence of magnesite standard, in-258 
lab calcite standard (Prolabo Rennes) samples were analyzed together with the 259 
magnesite samples under identical conditions in order to control the general reliability 260 
of the protocol. The analytical uncertainty is estimated at ±0.3‰ for oxygen and 261 
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±0.2‰ for carbon by duplication of several analyses. The results are reported using 262 
the  notation relative to VSMOW for O and to VPDB for C. 263 
 264 
4.2 Magnesite clumped isotopes 265 
The clumped isotope value of a carbonate sample can be deducted by measuring 266 
CO2 following  acidification, and using the Δ47 notation (in ‰) that compares the 267 
abundance of the rare 
13
C-
18
O bonds within a sample relative to a calculated 268 
stochastic distribution (Eiler and Schauble, 2004; Affek and Eiler, 2006): 269 
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The Δ47 value is calculated from the measured ratios (R
i
) of masses 45, 46 and 47 to 271 
mass 44 and by calculating R
13
 (
13
C/
12
C) and R
18
 (
18
O/
16
O) from R
45
 and R
46
 assuming 272 
random distribution. R
17
 is calculated from R
18
 assuming a mass-dependent 273 
relationship between 
18
O and 
17
O.  The higher the Δ47 is, the lower the temperature of 274 
formation of the mineral (e.g. Ghosh et al. 2006). 275 
Clumped isotope analyses were performed on 7 samples of magnesite in the 276 
Qatar Stable Isotopes Laboratory at Imperial College, London, UK. Magnesite was 277 
finely crushed and samples of ~5 mg were digested online in a common acid bath 278 
composed of 105% ortho-phosphoric acid at 90ºC during 1 hour. The liberated CO2 279 
gas was continuously trapped and purified by passage through a conventional vacuum 280 
line with multiple cryogenic traps and Porapak-Q trap held at -35ºC (Dennis and 281 
Shrag, 2010) and was analyzed using a Thermo Finnigan MAT-253 gas source mass 282 
spectrometer. The analysis protocol followed procedures described by Huntington et 283 
al. (2009) and Dennis et al. (2011) comprising measurements that consisted of 8 284 
acquisitions with 7 cycles per acquisition and an integration time of 26 s. Each cycle 285 
included a peak center, background measurements and an automatic bellows pressure 286 
adjustment aimed at a 15V signal at mass 44. The sample gas was measured against 287 
an Oztech reference gas standard (δ13C =-3.63 ‰ VPDB, δ18O =-15.79 ‰ VPDB). 288 
Each sample was measured at least three times using separate aliquots to improve 289 
counting statistics. An internal standard (Carrara marble, “ICM”, 0.312‰), a 290 
published inter-laboratory standard ("ETH3", Meckler et al., 2014, 0.634‰ before 291 
acid fractionation correction) and heated gases were analyzed regularly in order to 292 
correct for non-linearity (Huntington et al., 2009) and to transfer the measured values 293 
in the absolute reference frame (Dennis et al., 2011). Finally, an acid fractionation 294 
factor of 0.069‰ was added to the 47 values in the absolute reference frame to 295 
account for acid fractionation at 90ºC (Guo et al., 2009, Wacker et al., 2013). The 296 
analytical uncertainties of the 47 measurements were added by Gaussian error 297 
propagation using standard error of the mean.  298 
 299 
4.3 Oxygen isotopes in quartz veins and amorphous silica 300 
The isotopic analysis of 26 silica samples has been performed at the stable isotope 301 
laboratory of Institut de Physique du Globe de Paris, France. Samples were finely 302 
crushed and reacted with BrF5 as an oxidizing agent overnight in Ni tubes at 550ºC 303 
following the method of Clayton and Mayeda (1963). O2 was directly analyzed on a 304 
Thermo-Fisher Delta V mass spectrometer. During the course of the analyses, the 305 
measurements of 14 NBS28 quartz standard allowed to control the general reliability 306 
of the protocol (mean = 9.67 ± 0.1 ‰, n= 14). 307 
Thirteen other silica samples have been analyzed at the stable isotope laboratory of 308 
Géosciences Rennes (University of Rennes 1, France). Samples were and finely 309 
crushed and O2 was liberated from minerals through reaction with BrF5 at 670°C 310 
overnight following the method of Clayton and Mayeda (1963). O2 was then 311 
converted into CO2 by reaction with hot graphite. Isotopic ratios were measured on a 312 
VG SIRA 10 triple collector. NBS 28 quartz standard and in-house A1113 granite 313 
standard were routinely analyzed together with samples; the analytical uncertainty is 314 
±0.2‰. The O isotope composition is reported using the  notation relative to 315 
VSMOW. 316 
 317 
5. RESULTS 318 
 319 
5.1 Magnesite 320 
The stable isotopes compositions of magnesites (Fig. 5 a,b and Table 1) are 321 
comparable to those obtained by Quesnel et al. (2013). The oxygen isotope 322 
compositions of magnesites are homogeneous, with 18O values in the range of 323 
27.8‰ - 29.5‰. The small variation in 18O values does not correlate with any 324 
structural or textural characteristics of magnesite. The δ13Cvalues vary between 325 
−15.3‰ and −9.1‰ (Fig. 5b,c and Table 1). The highest δ13C values correspond to 326 
nodular magnesite from soil. The low values between −15.3‰ and −12.1‰ 327 
correspond to veins from the Serpentine Sole or from highly serpentinized peridotite 328 
(sample GMAR-5). 329 
he 47 values and clumped isotope temperatures in magnesite are reported in Table 1 330 
and illustrated in Figure 5d. The detailed clumped isotope data are presented in the 331 
Electronic Supplement S.1. The clumped isotope temperatures presented here are 332 
calculated using the 47 calibration for calcium carbonate of Kluge et al., (2015), 333 
because to date, no 47 calibration exists for magnesite. The temperatures range 334 
between 26-42ºC (Fig. 5d and Table 1) with an average temperature of 30±5ºC for the 335 
magnesite veins from the Serpentine Sole and a temperature of 42±2ºC for a nodular 336 
soil magnesite. 337 
 338 
5.2 Quartz veins and amorphous silica 339 
The oxygen isotope compositions of quartz veins and amorphous silica display a large 340 
range of 18O values between 21.8‰ and 35.3‰ (Fig. 5a and Table 1). The values 341 
higher than 30‰ correspond to translucent or brownish opal amorphous silica and 342 
tridymite. Quartz veins from the coarse saprolite level have a total range of 18O 343 
values between 21.8‰ and 29.0‰, most values being between 24‰ and 28.5‰. 344 
There is no systematic difference between quartz and brown micro-crystalline 345 
silicaquartz. 346 
 347 
6. DISCUSSION 348 
 349 
6.1 Conditions of carbonation 350 
 351 
6.1.1 Low temperature geochemistry 352 
The oxygen isotope composition of magnesite samples are included in the range 353 
(27.4‰ ≤ 18OMagnesite ≤ 29.7‰), similar to the results of Quesnel et al. (2013). A first 354 
range of temperature of formation of magnesite veins between ~40°C-80°C was 355 
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estimated by Quesnel et al. (2013) using the oxygen fractionation factor between 356 
magnesite and water of Chacko and Deines (2008) and a 18O range of fluid 357 
composition between -1‰ and -7‰ which correspond to values of rainwater on 358 
isolated island at inter-tropical latitude and low elevation (IAEA database: 359 
http://www-naweb.iaea.org/napc/ih/IHS_resources_gnip.html).  If the other oxygen 360 
fractionation coefficient factors of Zheng (1999) had would have been used (see 361 
details in Electronic Supplement S.2 and S.3)in the Quesnel et al. (2013) study 362 
instead, the calculated temperature range would be lower, the lowest range (~2°C and 363 
40°C) being reached with the fractionation factor of Aharon (1988) between ~10°C 364 
and 40°C.. Clumped isotope thermometry is particularly useful in such situation when 365 
i) two several distinct fractionation factors do not converge towards the same range of 366 
temperature of mineral formation and ii) uncertainties on the initial fluid composition 367 
is particularly large. To calculate the clumped temperature from 47 values, Falk and 368 
Kelemen (2015) used the calibration of Bristow et al. (2011) but in our case, we favor 369 
the use of the recent laboratory calibration for calcium carbonate of Kluge et al. 370 
(2015) performed in the same laboratory than our study. showed that the calibration 371 
employed by Bristow et al. (2011) is in better agreement with magnesite whose 372 
temperatures of precipitation are known than other calibrations (Gosh et al., 2006; 373 
Guo et al., 2009; Dennis and Schrag, 2010; Dennis et al., 2011). However, the recent 374 
laboratory calibration for calcium carbonate of Kluge et al. (2015) for a temperature 375 
range between 25 and 250ºC gave a similar fit of the data to the one presented by Falk 376 
and Kelemen (2015). Actually, for our samples, the clumped isotope temperatures 377 
calculated using these two calibrations are similar, taking into account the 378 
uncertainties of the measurements. The clumped isotope temperatures obtained using 379 
the calibration of Kluge et al. (2015) average around 30°C, and would suggest that the 380 
magnesite-water fractionation factors of Aharon (1988; Magnesite 1) and Zheng 381 
(1999)  are the most consistent with our results. of   382 
Zheng (1999) is more applicable in the New Caledonian setting than the fractionation 383 
factor described in Chacko and Deines (2008).  384 
We use the isotopic equilibrium between amorphous silica and magnesite to test the 385 
validity of the calculated clumped temperature of magnesite formation. We were able 386 
to obtain the 18O of magnesite, 18O of amorphous silica and 47 on magnesite 387 
measurements for one sample (GBMS-Si-1, Fig.4g,h and Table 1) where magnesite 388 
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and amorphous silica are intimately associated and are interpreted as cogenetic. At the 389 
serpentine sole level where sample GBMS-Si-1 was collected, pervasive development 390 
of amorphous silica linked to magnesite formation by serpentine dissolution is 391 
documented (Ulrich et al., 2014). The isotopic fractionation between silica and 392 
magnesite (18OAmorphous silica-Magnesite) measured on this sample is 4.2‰. Actually, 393 
there is no published isotopic fractionation factor between these two species. We 394 
therefore combine the various oxygen fractionation factors between silica forms and 395 
H2O and magnesite and H2O available in the literature in order to obtain the 396 
corresponding temperature (Electronic supplement S.4). Only three different 397 
combinations provide realistic temperatures, around 25°C for two of them and around 398 
40°C for the third.  Considering that there is no significant fractionation between 399 
amorphous silica and quartz (Kita et al., 1985; Zheng, 1993; Sharp and Kirschner, 400 
1994), this measured value is consistent with the theoretical value of the 18OQuartz-401 
Magnesite of 4.2‰ at 26°C (Zheng, 1999). On the same sample GBMS-Si-1, the 47 402 
measurement allows calculating a temperature of 35±6°C (Table 1), broadly 403 
consistent with the 26°C valuethese temperatures estimated above. It thus appears that 404 
both methods agree with each other, despite the lack of a specific 47 calibration for 405 
magnesite. More generally, the range of clumped isotope temperatures between 26±4 406 
and 42±2 calculated for magnesite confirms its low temperature of formation in the 407 
Koniambo massif. 408 
It should be noted that when combining quartz-water and magnesite-water 409 
fractionation factors available in the literature to get the fractionation between quartz 410 
and magnesite, one obtains unrealistic estimates. For example, using the magnesite-411 
water fractionation of Zheng (1999) and the quartz-water fractionation of Sharp and 412 
Kirschner (1994), one obtains a temperature of 136°C; and using the magnesite-water 413 
fractionation factor of Chacko and Deines (2008) with any of the quartz-water 414 
fractionation factor available in the literature, one obtains negative 18OAmorphous silica-415 
Magnesite values. 416 
 417 
 418 
6.1.2 Meteoric origin of the fluid 419 
Since clumped isotope thermometry allows estimating the temperatures of formation 420 
of carbonate independently of the knowledge of the fluid composition, we can 421 
calculate the18O of the fluid from which magnesite formed. The fact that magnesite 422 
veins are commonly decimeter thick and abundant on the studied outcrops implies 423 
that a large amount of fluid has been involved in their formation. This suggests a high 424 
fluid/rock ratio during the fluid circulation through the nappe. The observation that 425 
the18O values of magnesite are homogeneous , irrespectively of the nature of the 426 
host rock, (Fig. 5a) pleads for such conditions. Consequently, we consider that the 427 
calculated18O value of the fluid represents its initial composition and not a 428 
composition buffered by the host rock during its circulation through the nappe.  Given 429 
the consistency between temperature estimate using quartz-magnesite equilibrium and 430 
clumped isotopes, we use here the oxygen fractionation between magnesite and water 431 
from Zheng (1999).  The calculated fluids for the 7 magnesite samples have 18O 432 
values ranging from -3.4‰ to +1.5‰ (Table.1). The 6 negative18O values have an 433 
average of -2.5‰ with a minimum at -3.4‰ and a maximum at -0.6‰. They 434 
correspond to magnesite veins occurring at the Serpentine Sole. The highest value 435 
(18O = +1.5‰) corresponds to a nodular magnesite occurring in a recent soil 436 
(DECH1). The oxygen isotope compositions of the fluid are homogeneous and 437 
consistent with the present day composition of rainwater on isolated island at inter-438 
tropical latitude and low elevation ranging from -7‰ to -1‰ (AIEA database: 439 
http://www-naweb.iaea.org/napc/ih/IHS_resources_gnip.htlm). For the nodular 440 
magnesite, the positive oxygen fluid composition is interpreted as evaporation at 441 
surface conditions which leaves residual water enriched in 
18
O. The higher clumped 442 
temperature of 42ºC calculated for this sample seems consistent with the slightly 443 
higher temperature needed to precipitate magnesite through evaporation of surface 444 
waters.  445 
6.1.3  Fractionation in the carbon isotope system  446 
Whereas the 18O values of magnesite veins are homogeneous and suggest a single 447 
meteoric origin unicity of the fluid from which they formed, the large spread of 13C 448 
values implies several sources of carbon and/or specific fractionation effect in the 449 
carbon isotope system. The highest 13C values, around -9‰, could result from 450 
various sources of carbon. An atmospheric CO2 contribution could, at least in part, 451 
explain these high values. A biogenic soil source could also be dominant. suggest an 452 
atmospheric CO2 contribution. Indeed, tThis would be is consistent with the fact that 453 
magnesite with such 13C values are nodular magnesites from soil and are probably 454 
formed in-situ by evaporation as previously explained for sample "DECH1". Most of 455 
the magnesite samples from the Serpentine Sole have lower 13C values between -456 
15.3‰ and -12.1‰. An organic carbon contribution from surface soil or from 457 
decarboxylation of deep seated organic matter-rich sediments could explain such low 458 
values.  459 
Independently, several resurgences of hyperalkaline fluid with pH up to 11 related to 460 
present day serpeninization (Barnes et al., 1978, Monin et al., 2014) occur in New 461 
Caledonia (Launay and Fontes, 1985). At least twoAmong the processes involving 462 
such fluid that could explain low values of 13C, . The first one consists in the kinetic 463 
isotopic fractionation of C isotopes is known during hydroxylation of dissolved CO2 464 
when carbonate forms by diffusive uptake of dissolved CO2 (Dietzel et al., 1992). 465 
Such process has been proposed to explain the extreme depletion of 
13
C measured in 466 
various carbonate occurrences, without important effect on the oxygen isotope 467 
compositions, as calcite travertine deposit in Oman (Clark et al., 1992), sediments 468 
cemented by calcite from central Jordan (Fourcade et al., 2007) and also for 469 
magnesite deposits in Australia (Oskierski et al., 2013).  470 
Recently, Hill et al. (2014) and Watkins and Hunt (2015) showed that kinetic 471 
fractionation in alkaline to hyperalkaline environment have minor effect on the 47 472 
composition of carbonate. This can lead to underestimate the clumped isotope 473 
temperature of mineral growth by a few °C. Even if such effect would have existed 474 
during magnesite formation, this thus would not change the conclusion that magnesite 475 
formed at low temperature, around 30°C. 476 
 The second type of processes consists in abiotic carbon production by Fisher-Tropsch 477 
reaction during serpentinization. This reaction consists in the catalytic reaction 478 
between H2, produced by serpentinization, and CO to form CO2 or light 479 
hydrocarbons. This reaction induces an increase of pH due to the occurrence of free 480 
OH
- 
(Holm, 1996) and produces organic products depleted in 13C (McCollom and 481 
Seewald, 2006). Often described as a reaction occurring at high temperature 482 
hydrothermal conditions (Berndt et al., 1996; Potter et al., 2004; McCollom and 483 
Seewald, 2006; Tara et al., 2007) some studies showed that it can also happen at low 484 
temperature (Charlou et al., 1991; Proskurowski et al., 2008; Neubeck et al., 2011; 485 
Etiope et al., 2011), consistently with the low temperature formation of the New 486 
Caledonian magnesite veins. 487 
 488 
6.2 Conditions of quartz veins and amorphous silica formation  489 
At the island scale, the 18O values of quartz veins and amorphous silica 490 
spread over a range of ~15‰. The fact that all quartz veins and amorphous silica 491 
occur in the peridotite and commonly in deformation zones (at the serpentine sole or 492 
as fractures or faults infillings) suggest that they are probably genetically linked to a 493 
unique fluid reservoir. We argued in section 6.1.2 that an amorphous silica sample 494 
(18O = 33‰) formed in isotopic equilibrium with magnesite (sample GBMS-Si-1) 495 
from a meteoric water at low temperature. By inference, we consider that all 496 
amorphous silica occurrences formed from a meteoric fluid. For the quartz veins, their 497 
structural position (i.e. at the base of the laterite profile, in the saprolite) and their 498 
association with garnierite strongly suggest that the fluid from which they formed also 499 
have a meteoric origin. Considering the low variability of paleogeography paleo-500 
latitude of New Caledonia during the 30 last million years (Paleomap project: 501 
http://gcmd.nasa.gov/records/PALEOMAP-Serf.html) and by consequence the limited 502 
variation of the isotopic composition of rainwater during that period, variations in  503 
temperature are  the most likely factor at the origin of the large spread in 18O  values 504 
recorded by silica species.   505 
Given that quartz veins are commonly decimeter thick and abundant in the coarse 506 
saprolite level it is likely that the system worked under conditions of large fluid/rock 507 
ratios, in which case fluids keep their initial isotopic compositions during interaction 508 
with rocks. By consequence, the 18O of silica materials directly reflect the 509 
temperature of formation, as the 18O of the fluid is considered as constant. As no 510 
oxygen isotope compositions of present-day rainwaters in New Caledonia are 511 
available, we use the mean value of the 18O values calculated for the meteoric fluid 512 
from which magnesite veins formed (mean 18Ometeoric-fluid = -2.5‰, see Table.1) to 513 
calculate the temperatures of formation of amorphous silica and quartz veins. The use 514 
of various oxygen fractionation factors between silica and H2O (Electronic 515 
Supplement S.5) provide similar range of temperature; only the fractionation factor of 516 
Bandriss et al. (1998) was unable to provide a temperature consistent with the oxygen 517 
isotopic equilibrium between quartz and magnesite for sample GBMS-Si-1 (See 518 
section 6.1.1 and Electronic Supplement S.4).  519 
The 18O values of amorphous silica samples range between 29.7‰ and 35.3‰, 520 
which correspond to temperatures between ~15°C and ~40°C.The quartz veins 521 
occurring in the coarse saprolite level have18O values between 21.8‰ and 29.0‰, 522 
which correspond to temperature between ~40°C and ~8095°C, with most samples 523 
recording temperatures between ~40°C and ~8065°C.  524 
To summarize, the main information obtained from the isotope systematics on 525 
quartz veins from the saprolitic level is that they formed under conditions of low-526 
temperature hydrothermalism rather than at surface temperatures., even at the 527 
temperatures prevailing during of intense laterization. 528 
 529 
6.3 Heat sources for quartz veins formation 530 
Magnesite and amorphous silica have ranges of oxygen composition narrower than 531 
that of quartz veins (Fig. 5a, c) which suggests more homogeneous constant 532 
conditions temperatures of formation. The clumped isotope temperatures for 533 
magnesite formation are between 26±4°C and 42±2°C, which is consistent with the 534 
range of temperature estimated for amorphous silica formation between ~15°C and 535 
~40°C.  Even if all amorphous silica are not intimately related to magnesite (typically 536 
brown opalish amorphous silica is not), the fact remains that both their similar 537 
temperature of formation and their narrow ranges of 18O values suggest that they are 538 
genetically linked to the same low temperature fluid. Following Quesnel et al. (2013), 539 
we can thus propose that magnesite and amorphous silica occurring at different levels 540 
of the nappe record the fluid pathway through the nappe where rapid downward 541 
circulation was enhanced by active tectonics. 542 
For quartz veins from the coarse saprolite level the large range of temperature 543 
between ~40°C and ~9580°C indicates distinct conditions of formationvariable 544 
conditions and distinctly higher temperatures of formation. The range of temperature 545 
estimated for the quartz veins from the coarse saprolite level appears particularly high 546 
given their structural position. A first possibility is to invoke upward circulation 547 
movements of hot fluids coming from depth. Even if it is difficult to estimate the past 548 
thickness of the nappe at the time of fluid circulation, the present-day topographic 549 
constraints allow estimating a minimum thickness. The mean elevation in the island 550 
scale is ~640m as reported by Chevillotte et al. (2006) and the Mont Panié, located on 551 
the northern part of the East coast, culminates at 1628m. Considering a surface 552 
temperature of ~25°C, a past thickness of the nappe between ~500 and ~2000m and a 553 
paleo-gradient of temperature in the peridotite nappe of 20°C.km
-1
, temperatures of 554 
~35-75°C may have been reached at the base of the nappe. Rapid upward migration of 555 
fluids equilibrated at these temperatures might explain the temperatures recorded by 556 
the quartz veins. Occurrences of hydraulic breccia where quartz cements serpentine 557 
and garnierite clasts in the coarse saprolite level (Myagkiy et al., 2015) are consistent 558 
with this idea.  559 
The question of mechanism of precipitation of quartz in the saprolitic structural level 560 
remains. The first possibility consists in the precipitation of quartz lead by a change of 561 
pH condition. Indeed quartz solubility is function of pH increasing rapidly from 562 
pH>9. The pH measured in New Caledonian resurgences of water at the base of the 563 
nappe are basic with pH up to 11 (Monin et al., 2014) whereas pH in coarse saprolite 564 
level is around ~8 (Trescases, 1975). This abrupt change decrease of pH at the 565 
saprolitic interface could explain quartz precipitation. Moreover, an additional mixing 566 
with per descensum meteoric water with pH ~7 (Trescases, 1975) and at surface 567 
temperature is also possible and could lead to quartz precipitation. 568 
Nevertheless, unlike the conditions of syn-tectonic magnesite formation, no clear 569 
evidence of syn-tectonic quartz veins formation is recorded and precludes associating 570 
the fluid overpressure to tectonic activity. Consequently, even if the upward fluid 571 
circulation linked to fluid overpressure may be in agreement with our data, it remains 572 
difficult to identify the cause of such large-scale upward migration of fluid.  573 
An alternative hypothesis to explain the ~40-9580°C temperature range of formation 574 
of quartz veins at the coarse saprolite level is to invoke exothermic reactions of 575 
serpentinization. Indeed, such reactions are known to produce heat (Fyfe, 1974) and 576 
may explain elevated temperature of fluid in ultramafic-hosted hydrothermal systems 577 
(Kelley et al., 2001, Lowell and Rona, 2002, Schroeder et al., 2002). Even if 578 
serpentinization reactions can explain only a part of the heat contribution for high 579 
temperature hydrothermal systems, they could be sufficient for low temperature 580 
hydrothermal system like Lost City type (Mével, 2003). In New Caledonia, several 581 
present-day resurgences of low-temperature (reaching 37°C) and hyperalkaline fluid 582 
with pH up to 11 are interpreted as evidence of present- day serpentinization (Barnes 583 
et al., 1978, Monin et al., 2014). A recent study (Guillou-Frottier et al., 2015) 584 
proposes that such reactions could occur in the coarse saprolite during the weathering 585 
of the peridotite. These authors argue that serpentinization reactions should trigger 586 
convective fluid circulation by i) increasing of temperature by several tens of degrees 587 
and ii) increasing of permeability and porosity by fracturation induced by volume 588 
expansion (Kelemen and Hirth, 2012). This model could explain the relatively high 589 
temperatures identified for the quartz veins formation and the local occurrences of 590 
hydraulic breccia where quartz cements serpentine and garnierite (Myagkiy et al., 591 
2015). Our observation and isotopic data are consistent with this model. 592 
 593 
 594 
7. CONCLUSION 595 
On the basis of stable oxygen isotope data and clumped isotope analyses, we argue 596 
that carbonation at the base of the nappe and silicification at the saprolite level of the 597 
New Caledonia Peridotite Nappe occurred under different temperature conditions. 598 
First, stable isotopes and clumped isotope analyses of magnesite and amorphous 599 
silicaopal display a narrow range of 18O values attesting for formation under 600 
homogeneous conditions, at temperature of ~3025 to 40°C for magnesite and between 601 
~1520°C and ~40°C for amorphous silica. The oxygen isotope compositions 602 
estimated for the fluid at the origin of magnesite and amorphous silica is are 603 
consistent with meteoric water compositions. Second, the 18O values of quartz veins 604 
from the coarse saprolite level display a large range, which is indicative of formation 605 
between ~40°C and ~9580°C, typical temperatures of low temperature 606 
hydrothermalism. 607 
These results lead to question the classical per descensum model of Ni-laterites ore 608 
deposit where silica, magnesium and nickel leached during supergene alteration of 609 
peridotite are exported by downward fluid circulation along fractures cutting through 610 
the nappe. Indeed, our results tends to show that carbonation of the Serpentine Sole 611 
and quartz veins formation at the coarse saprolite level are the results of two distinct 612 
fluid circulation systems. If the low-temperatures conditions of magnesite formation, 613 
specified here using clumped isotope thermometry, are consistent with the 614 
tectonically enhanced downward meteoric water circulation model previously 615 
proposed in Quesnel et al. (2013), higher temperatures of quartz veins formation 616 
would imply that a refinement of the classical per descensum model is needed. 617 
Thermal equilibration of the fluid along a normal geothermic gradient through the 618 
nappe or influence of exothermic reactions of serpentinization could explain such 619 
temperatures. Regardless of the exact explanation, it means that nickel lateritic 620 
mineralization, with which the quartz veins studied here are associated, developed 621 
under conditions of low-temperature hydrothermalism. This inference may be of 622 
importance with regards to the properties of migration of this elementnickel during 623 
mineralization. 624 
 625 
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FIGURES 639 
 640 
Figure 1- Simplified geological map of New Caledonia. Ultramafic rocks are from 641 
Maurizot and Vendé-Leclerc (2009) and laterites are adapted from Paris (1981). 642 
 643 
Figure 2- Geological map of the Koniambo massif adapted from Maurizot (2002). 644 
Numbers indicate sampling location and are reported in Table 1 for all samples 645 
coming from the Koniambo massif. 646 
 647 
Figure 3- Field observations of magnesite occurrences. A-C: Field views of magnesite 648 
veins occurring at the serpentine sole. A: field view illustrating relationship between 649 
magnesite veins and shear zone. The thickest vein occurs in the main shear band 650 
whereas the thinnest occur in C’-type shear bands. B,C: field view illustrating the 651 
Formatted: Justified, Line spacing: 
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fibrous texture of magnesite veins. D: field view of nodular magnesite occurring in a 652 
soil. Sample numbers are indicated and are reported in Table 1. 653 
 654 
Figure 4- A,C,D: field view of quartz veins occurring in the coarse saprolite level of 655 
Koniambo massif. B,F: sawed sections through two hand specimen showing complex 656 
textural relationships between B: brownish silicabrown micro-crystalline quartz and 657 
yellow and white quartz and F: brownish silicamicro-crystalline quartz, translucent 658 
quartz and clasts of serpentine (in green). G,E: field view of amorphous silica. G: 659 
translucent amorphous silicaopal associated with magnesite at the Serpentine Sole. H: 660 
hand sample GBMS-SI-1 where magnesite and amorphous silica are cogenetic. E: 661 
brownish amorphous silicaopal occurring as late coating on blocks of the coarse 662 
saprolite. Sample locations are indicated by a yellow white star and are reported in 663 
Table 1. 664 
 665 
Figure 5- The light grey color represents samples from the Koniambo massif, those in 666 
dark grey are from elsewhere on the island. All the sample locations are reported in 667 
the figures. 1,2 and in Table 1. The isotopic values are given versus VSMOW (Vienna 668 
Standard Mean Ocean Water) for 18O and versus VPDB (Vienna PeeDee 669 
Belemnite) for13C.A: histogram of 18O values of magnesite samples (veins and 670 
nodules) B: 13C versus 18O diagram of magnesite samples. C: histogram of 18O 671 
values of quartz veins amorphous silica. D: diagram showing the temperature 672 
calculated from 47 analyses using the calibration of Kluge et al. (2015) as a function 673 
of the 18O values of 7 magnesite samples. 674 
 675 
Table 1- 47, 
18
O and13C values of magnesite samples and 18O values of silica 676 
samples. “n” indicates the number of replicate samples analyzed by clumped isotope 677 
thermometry. T (47) uncertainty is estimated on the basis of the 1SE analytical 678 
uncertainty in measured 47 propagated through the Kluge et al. (2015) equation. The 679 
18O of the fluid from which magnesite formed is calculated using the clumped 680 
isotope temperature and the oxygen fractionation factor between magnesite and H2O 681 
of Zheng (1999). 682 
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